Introduction
All systems, which harness and use the sun's energy as heat, are called solar thermal systems. These include solar water heaters, solar air heaters, and solar stills for distilling water, crop driers, solar space heat systems and water desalination systems. This chapter presents analysis based on configurational geometry of solar radiation collectors and concentrators using system models that have the same dimensions, material structure and properties. The work shows that different elements added to concentrators of well known configurations increase the geometric concentration ratio. The need to develop effective solar thermal systems is not only to reduce the effects of global warming but also to reduce the overall costs and risks of climate change. Therefore, it is paramount to develop technologies for utilizing clean and renewable energy on a large scale. Solar energy being the cleanest source of renewable energy free of Green House Gas (GHG) emission has seen the development of many gadgets and new technologies which include power generation (e.g., photovoltaic and solar thermal), heating, drying, cooling, ventilation, etc. Development of the technologies utilizing solar energy focuses on improving the efficiency and reducing the cost. The objective of this book chapter is to present an analysis based on configurational geometry of solar radiation collectors and concentrators using system models that have been used to demonstrate the technique of configurational geometry in design and applications of a number of systems. Geometry configuration plays an important role in most if not all solar collectors and concentrators. A number of collectors and concentrators have symmetries which allow them to collect and concentrate solar thermal energy. Since solar collector and concentrator surfaces are normally planes or curves of specific configurations, the analysis of system processes can be carried out through the use of the laws and rules of optics. Because of the known geometries and symmetries found in the collectors and concentrators, analysis of the collection and reflection of light, hence radiation analysis can also be done using configurational geometries of the systems. We shall discuss the general principles of operation of solar collectors and concentrators then show in a number of ways that it is possible to design collectors and concentrators innovatively using the method of configurational geometry. By use of some examples, we shall show the importance and effect of configurational geometry on the Geometric Concentartion Ratio, CR g , of a concentrator, defined as the area of the collector aperture A a , divided by the surface area of the receiver, A r (Garg & Kandpal, 1978) . We show that for given dimensions of a specific solar collector and concentrator system, (a modified cone concentrator and a modified inverted cone concentrator), the configurational geometries give different concentration ratios unless certain conditions are prescribed. We also demonstrate that different new elements and components can be incorporated in well known configurational geometries to improve the performance of collectors and concentrators. In this chapter, we first give a brief discussion on the general aspects of concentrators and collectors which is then followed by a. a mathematical procedure in concentrators and collectors with respect to configurational geometry, b. a technique of generating cone concentrators and collectors from hyperbloid configurations, c. a discussion of configurational geometry in straight cone concentrators and inverted cone concentrators and collectors and.
General theoretical considerations
A typical flat plate collector consists of an absorber plate, one or more transparent cover(s), thermal insulation, heat removal system and an outer casing. An absorber plate is generally a sheet of metal of high thermal conductivity like copper which is normally coated with black paint or given a special coating (called selective coating) so that it absorbs the incident solar radiation efficiently and minimizes loss of heat by radiation from the collector plate. In the flat plate solar collector, a glass plate of good quality, which is transparent to incoming solar radiation to act as cover, is fixed about 2-4 cm above the absorber plate. This prevents convective heat loss from the absorber plate and prevents infrared radiation from the plate escaping to the atmosphere. If the plate temperature under normal operation is expected to be higher than 80 0 C, two glass plates separated from each other may be used. The absorber plate rests on a 5-15 cm thick bed of glass wool or any other good thermally insulating material of adequate thickness, which is also placed along the sides of the collector plate to cut down heat loss by conduction. The most common method of removing heat from the collector plate is by fixing tubes, called risers at spacing of about 10-25 cm. Good thermal contact between the tube and plate is very important for efficient operation of the collector hence the tubes could be soldered, spot welded, tied with wires or clamped to the plate. These risers are connected to larger pipes called headers at both ends so that heat removal fluid can enter from the lower header and leave from the upper header. This configuration of absorber plate is called the fin type and is most commonly used. The heat removal fluid, usually water or oil, flows through these tubes to carry away the heat received from the sun. In another type of collector, heat removal fluid flows between two sheets of metal sealed at the edges, the top acting as the absorber plate. All parts of the collector are kept in an outer case usually made of metal sheets. The case is made air tight to avoid considerable loss of heat from the collector plate to the ambient. The collector is finally placed on a stand so that the absorber plate is correctly inclined to the horizontal and receives maximum amount of heat from the sun during a particular season or the entire year.
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Flat plate solar collectors may be divided into two main classifications based on the type of heat transfer fluid used. Either liquid or gases (most often air) is used in collectors. Liquid heating collectors are used for heating water and non-freezing aqueous solutions and occasionally for non-aqueous heat transfer liquids such as thermal oils, ethylene glycol e.t.c,.
Air-heating collectors are used for heating air used for solar dying or space heating (such as rooms). Many advanced studies both experimental and theoretical have been carried out on flat plate solar collectors. Accurate modelling of solar collector system using a rigorous radiative model applied for the glass cover, which represents the most important component, has been reported by (Maatouk & Shigenao, 2005) . A different category of solar thermal systems known as solar concentrators are also used in solar thermal systems. Solar concentrators are the collection of devices which increase solar radiation flux on the absorber surface as compared to the radiation flux existing on the entrance aperture. Figure 1 show schematic diagrams of the most common conventional configurations of concentrating solar collectors. Optical concentration is achieved by the use of reflecting or refracting elements positioned to concentrate the incoming solar radiation flux onto a suitable absorber. Due to the apparent diurnal motion of the sun, the concentrating surface, whether reflecting or refracting will not be in a position to redirect the solar radiation on the absorber throughout the day if both the concentrator surface and absorber are stationary. This requires the use of a tracking system. Ideally, the total system consisting of mirror/lens and absorber should follow the sun's apparent motion so that the sun rays are always captured by the absorber. In general, therefore, a solar concentrator consists of (i) a focusing device (ii) a blackened metallic absorber provided with a transparent cover and (iii) a tracking device for continuously following the sun. Temperatures as high as 3,000 0 C can be achieved with solar concentrators which find applications in both photo-thermal and photovoltaic conversion of solar energy. The use of solar concentrators may lead to advantages such as increase energy delivery temperatures, improved thermal efficiency due to reduced heat loss, reduced cost due to replacement of large quantities of expensive material(s) for constructing flat plate solar collector systems by less expensive reflecting and/or refracting elements and a smaller absorber tube. Additionally there is the advantage of increased number of thermal storage options at elevated temperatures thus reducing the storage cost. Earlier works by (Morgan 1958) , (Cornbleet, 1976) , (Basset & Derrick, 1978) , (Burkhard & Shealy, 1975) , (Hinterberger & Winston, 1968a) , (Rabl 1976a (Rabl , 1976b (Rabl , 1976c , (Rabl & Winston, 1976) , provide some important information and ideas on the development and design of solar collectors and concentrators as employed in this work. The brightness concentration ratio or the local concentration ratio is a quantity that characterizes the nonuniformity of illumination over the surface of the absorber. It is the ratio of the radiation flux arriving at any point on the absorber to the incident radiation flux at the entrance aperture of the solar concentrator. In some literature, the brightness ratio is called optical concentration ratio ( The optical efficiency ( ) 0 η , of a solar concentrator-receiver system is defined as the ratio of the energy absorbed by the absorber to the energy incident on the concentrator's aperture. It includes the effect of mirror/lens surface shape and reflection/transmission losses, tracking accuracy, shading, receiver cover transmittance of the absorber and solar beam incidence effects.
In a thermal conversion system, a working fluid may be a liquid, a vapour or gas is used to extract energy from the absorber. The thermal performance of a solar concentrator is characterized by its thermal efficiency, which is defined as the ratio of useful energy delivered to the energy incident on the aperture of the concentrator. Garg and Kandpal, 1999) .
Fig. 1.1. Schematic diagrams of the most common solar concentrators: (a) Flat plate absorber with plane reflectors (V trough), (b) compound parabolic concentrator, (c) Cylindrical parabolic trough, (d) Russel's fixed mirror solar concentrator, (e) Fresnel lens, (f) Hemispherical bowl. (Adopted from
The instantaneous efficiency of a solar concentrator may be calculated from an energy balance on the absorber. The useful energy delivered by a concentrator is given by
where b I is the direct beam on the concentrator, L U is called the overall heat loss coefficient for the collector of the concentrator and is the sum for the heat loss from the bottom, b U , the sides, s U , and the top, t U , i.e.,
The other symbols have their usual meanings as previously defined. In situations where the receiver is not protected by a transparent cover, the useful heat collected by the receiver Q can be calculated as,
being the entrance aperture area, α being the absorptivity of the absorber with respect to the solar spectrum, ( ) C the concentration factor, S E , the radiation density of the direct solar radiation and ε the average emissivity of the absorber with respect to the black body radiation at the absorber temperature A T . σ stands for the Stefan-Boltzmann constant whereas L U is the heat loss coefficient due to convection and conduction. In Eq. (2.6), thermal radiation input from the ambient (with the ambient temperature a T ) to the receiver is neglected. Taking into account that for the heat transfer from the absorber to the heat transfer fluid a temperature difference is required, the following expression is also valid for the useful energy:
( )
with I U being the inner heat transfer coefficient from the absorber to the fluid, F T being the average temperature of the heat transfer fluid and Abs A being the absorber area. Using Eq. (2.6) and Eq. (2.7), the energy balance equation can be rewritten replacing the absorber temperature by the fluid temperature:
The parameter F is the heat removal factor and is defined from the energy balance of flat plate solar collectors as
The thermal efficiency of the receiver, η th , is defined by the ratio of the useful heat to the incoming solar radiation in the aperture. The resulting expression for the efficiency is 4 () .
Using Eq. (2.4) and Eq. (2.5), the instantaneous efficiency of a concentrator having a top cover may be written as
The linear approximation of heat loss factor made in Eq. (2.5) for a concentrator with top cover is valid for small operating temperatures only. At high operating temperatures, where the radiation loss term dominates the convective losses, energy balance may be expressed as
where U L now takes into account the accompanying convective and conduction losses also, hence Eq. (2.11) may now be modified as
Since the absorber surface temperature is difficult to determine, it is convenient to express the efficiency in terms of the inlet fluid temperature T i by means of the heat removal factor F as
Comparing Eq. (2.10) and Eq. (2.14) one sees that there is a parallel between the "static" efficiency ( ) 0 η , the emissivity and the absorptivity of the concentrator. Eq. (2.14) is a first order steady state expression for the instantaneous efficiency of a solar concentrator having a top cover. The instantaneous efficiency of a solar concentrator receiver system is dependent on two types of quantities, namely the concentrator receiver design parameters and the parameters characterizing the operating conditions. The optical efficiency, heat loss coefficient and heat removal factor are the design dependent parameters while the solar flux, inlet fluid temperature and the ambient temperature define the operating conditions. Geometric optics is used as the basic tool in designing almost any optical system, imageforming or not. Intuitive ideas of a ray of light, roughly defined as the path along which light energy travels together with surfaces that reflect or transmit light are often used in solar collector and concentrator designs. When light is reflected from a smooth surface it obeys the well-known law of reflection which states that the incident and reflected rays make equal angles with the normal to the surface and that both rays lie in one plane. When light is transmitted, the ray direction is altered according to the law of refraction, Snell's law which states that the sine of the angle between the normal and the incident ray gives a constant ratio to the sine of the angle between the normal and the refracted ray, all the three directions being coplanar. A major part of design and analysis of solar collectors and concentrators involves ray tracing, i.e., following the paths of rays through a system of reflecting and refracting surfaces. The result of such processes may or may not create images of the source of the ray. Depending on the surface structure, properties and materials used, two types of systems;
image-forming concentrators and non image-forming concentrators arise. The process of ray tracing is used extensively in lens design, but the requirements are somewhat different for concentrators. In conventional lens design, the reflecting or refracting surfaces involved are almost always portions of spheres and centers of spheres lie in one straight line (axisymmetric optical system), so the special methods that take advantage of the simplicity of forms of surfaces and symmetry can be applied. Nonimaging concentrators do not, in general, have spherical or symmetric surfaces. In fact, sometimes, there are no explicit analytical forms for the surfaces, although there is usually an axis or a plane of symmetry and ray-tracing schemes are conveniently based on vector formulations. Detailed analyses are often dealt with in computer programs on the basis of each different shape.
In principle, the use of ray tracing tells us all there is to know about the geometric optics of a given optical system, image forming or not. However, ray tracing alone is often little or no use for inventing new systems having properties for a given purpose. We need to have ways of describing the properties of optical systems in terms of general performance, using parameters such as, for example, the concentration ratios. A primitive form of nonimaging concentrator, the light cone has been used for many years (see for example, (Hotler et.al. 1962) , (Witte, 1965) , (Williamson, 1952) , (Welford & Winston, 1978) . The option to integrate cost effective storage systems directly into solar thermal facilities represents a significant advantage of solar thermal systems over other concepts using renewable energy sources. This idea shall also be discussed with reference to configurational geometry of cone cylinder combination concentrators and collectors.
In the evaluation or calculation of the geometric concentration ratio of most concentrators, standard methods have been employed. This work departs from the traditional approach and outlines the mathematical foundation for such calculations. It will be shown that using the mathematical technique, for a straight cone with a collector area coll A , situated a distance H 2 from the apex and an absorber area, abs A , at a distance H 1 from the apex, the ratio of the squares of H 2 to H 1 give the geometric concentration ratio of the cone concentrator.
Mathematical procedures in concentrators and collectors with respect to configurational geometry
In the evaluation or calculation of the geometric concentration ratio of most concentrators, standard methods have been employed. This work departs from the traditional approach and outlines the mathematical foundation for such calculations. We then proceed to determine the concentration ratio of a modified cone concentrator. The work shows that for a straight cone with a collector area coll A , situated a distance H 2 from the apex and an absorber area, abs A , at a distance H 1 from the apex, the ratio of the squares of H 2 to H 1 give the geometric concentration ratio of the cone concentrator ( Figure  3.1) . Figure 3 .2 shows a mall elemental volume of a cone that has been generated from a CPC. If the cone subtends an angle δθ and δφ at the origin, its cross-sectional area at a distance r from the apex is 2 sin r θδθδφ . Let us cut a cross section of the cone a distance 1 H from the origin so that the elemental area given by We shall now explore the calculation of the geometric concentration ratio from the point of view of the relation between the area of a surface of revolution and the length of the curve that generates it. 
. Schematic diagram of a cone showing the distance H 1 from the apex to the cross section AB (absorber area) and the distance H 2 from the apex to the collector area
Suppose that a curve AB in the xy − plane like the one shown in Figure 3a is revolved about the x − axis to generate a surface. If AB is approximated by an inscribed polygon, then each segment PQ of the polygon will sweep out part of a cone whose axis lies along the x − axis (magnified view in Figure 3b ). If the base radii of the frustrum of the cone are 1 r and 2 r , as shown in Figure 3c , and its slant height is L , then its lateral surface area, r A , is given as (Grant & Phillips, 1978) ] The total of the frustrum areas swept out by the segments of the inscribed polygon from A to B will give an approximate area S of the surface swept out by the curve AB. The approximation leads to an integral for S as follows. 
Generating cone concentrators and collectors from hyperbloid configurations
The starting point of our analysis is based on the principles and operations of the cone concentrator. These principles are used to build on new systems when additional elements and components are added to modify the cone giving it two different configurations. Figure 4 .1 shows a parabolic compound concentrator (CPC) with axes of the two parabolas passing through the foci of the parabolas. We use these axes to generate a cone which embeds the parabola as shown in Figure 4 .2. By drawing two lines parallel and passing through the foci of the first and second parabola, the lines meet at a point just below the foci. The two lines are then rotated along the axis of the compound parabola in order to form a www.intechopen.com
Fig. 4.1. Compound parabolic concentrator (CPC).
three dimensional straight cone. If the parabola embedded in Figure 2 is removed we remain with a cone having the same extreme angle as the original parabola provided the dimensions are not changed. A two dimensional schematic of such a cone generated in this manner is shown in Fig. 4 .2.
If the cone as shown in Fig. 4 .2 has a semi angle θ and i θ is the extreme input angle, then the ray which enters at the extreme input angle will just pass through the aperture after one reflection if ( )
. For a given entry diameter, an expression for the length of the cone can be obtained. It can be seen that some other rays such as the one indicated by the double arrow which enter at some angle less than the extreme input angle will be turned back by the cone. If a longer cone is used which has more reflections, some rays will still be turned back. The cone is far from being an ideal concentrator. (Williamson, 1952) and (Witte, 1965) attempted some analysis of the cone concentrator by restricting their analysis to the meridian rays. The meridian ray analysis gives a very optimistic estimate of the concentrator; however, it does not address the problem of back reflections. Nevertheless, the cone is very simple compared to the image forming concentrators and its general form suggest a new direction in which to look for better concentrators. Modifications of the straight cone led to a Winston cone (http://scienceworld.wolfram.com/physics /WinstonCone.html ), Hilderband and Winston, 1982) , (Winston 1970) , (Welford and Winston, 1989) . A schematic of the Winston cone is shown in Fig. 4.3 . If an attempt is made to improve on the cone-concentrator by applying the edge-ray principle which stated loosely require that all extreme rays should form sharp image points and should emerge from the rim of the exit aperture, then one is led to the description of the Compound Parabolic Concentrator (CPC). These are prototypes of a series of nonimaging concentrators that approach very close to being ideal and having the maximum theoretical concentration ratio. Cones are much easier to manufacture than CPCs. Parabloids of revolutions (which of course CPCs are not) seem a more natural choice to conventional physicists as concentrators.
www.intechopen.com As a result of the foregoing, we consider two configuration models of modified cone concentrators as shown in Figure 5 .1 and Figure 5 .4 in which we analyze the systems by considering the heat exchange processes. We introduce a "reverse modelling technique" by creating certain components and elements in the design that will not only reduce the "back reflections" but also increase the geometric concentration ratios of the systems. The introduction of an outer cylinder limits the extent of the entrance aperture to a certain value just like in the case of a fixed lens, which has a specific radius of curvature. The smaller cylinder and the bigger cylinder serve two other purposes. The first purpose is to guide the radiation on to the absorber and the second purpose is to reduce the size of the exit aperture, thus increasing the concentrations ratio. In the first model of the concentrator shown in Figure 5 .1, the system is made of polyvinyl (PVC) pipes of two different diameters that form the radiation guide to the copper ring which acts as an absorber. The collector is a cone also made of polyvinyl and has a base that fits exactly on top of the inner cylinder. The cone is glued on top of the smaller cylinder. The system of cone and two cylinders form the collector and concentrator. The system is placed on top of one of the copper rings depicted in Figure 5 .2. The copper rings are made from a copper tube having very small thickness. The copper rings are painted black to allow for maximum absorption of radiation from a halogen lamp for example, that is used to simulate solar radiation. The inside surface of the larger cylinder and the external surface of the smaller cylinder are painted with white barium sulphate paint to allow for maximum reflection of radiation. Let D I be the direct radiation from a halogen lamp for example, falling directly on one of the rings and let R I be the radiation falling on the ring as a result of being collected on the surface of the cone and guided to the ring by the walls of the cylinder forming the guide. If I T is the total radiation from the halogen lamp, then where m w is the mass of the water in the ring and c w is the specific heat capacity of water while m c is the mass of the copper ring and c c is the specific heat capacity of copper. For the concentrator we can write the heat balance equation as
For the first configuration of the solar collector and concentrator (inverted cone) shown in Figure 5 , one of the important relations is RH S + = the slant height of the cone. Equation (4.4) is true if we assume that the surface area of the cylinder enclosing the surface area of the cone does not participate in collecting the radiation, however, it does to some extent, therefore the total surface area of the cone and cylinder concerned with the collection of radiation may be written in the form ( ) 
Experiment
Six (6) thermocouples T1, T2, T3, T4, T5, and T6 (Fig. 7) to measure temperatures of water in the rings with the concentrator and that without the concentrator are interfaced to a Fluke-2286/5 data logger through a temperature-measuring card attached to the data logger. Three of the thermocouples T1 T2 and T3 measure the temperature of the water in the ring with the concentrator while the other three thermocouples T4 T5 and T6 measure the temperature of the water in the ring without the concentrator. In this work, both rings separated by a distance of 1.5 meters to avoid any effect of one ring on another are filled with water at the same temperature and the valves closed. The water remaining in the inlet is then drained and the two identical halogen lamps rated 90 watts powered by a 12 volt power source placed at the same height of 25cm from the rings are switched on simultaneously to heat the rings and thus, the water. The readings of the first three thermocouples are automatically averaged at pre-set time intervals and the resulting average value of the temperature stored in a specified register in the data logger. The other three thermocouples inserted into the ring not covered by the concentrator measure the temperature of water contained in the ring. The average temperature of the water is taken at the same pre-set time interval as that of the concentrator. The data logger (programmed using machine language) display on its output screen and print both the average temperature of the water in the ring with the concentrator and the average temperature of water in the ring without the concentrator. Both copper tubes used to make the rings in the experiment had diameters of 0.01m . The height, H′ , of the radiation guide formed by the two cylinders was 10 cm . The vertical height, H , of the cone used in this work was 0.2 cm. Calculations done on the amount of heat reflected on the surface of the cone and inside the cylindrical guide show that if the initial radiation is reflected only once on the surface of the cone in to the radiation guide, then the guide will receive 98% of the original heat energy (http://www.oceanoptics.com/Products/ispref.asp, 2006)). Continuing the analysis on the 98% limit, a second reflected radiation inside the guide will posses 96.04% of the original radiation and a third beam reflected from the guide will have 94.12% of the original energy.
A fourth reflected beam possesses 92.24% of the initial radiation and a fifth reflected beam has 90.39% of the original radiation. Further analysis and simulation show that after several reflections from the surface of the cone through the radiation guide, the amount of radiation which will fall on the ring in this configuration is still more than 50% of the original radiation. Figure 5 .5 shows the curve obtained from simulation of the remaining energy versus the number of reflections (Ochieng et. al. 2007) . It is thus reasonable to assume that www.intechopen.com the ring in the concentrator is heated by the radiation coming directly from the halogen lamp as well as by some radiation collected on the surface of the cone and guided to the ring by the walls of the cylinders forming the guide. In this section we analyze and calculate the concentration ratio of a modified cone shown in Figure 8 . This cone has an axial cylinder whose exterior surface area is considered to be involved in solar radiation collection. If the modified cone concentrator has an axial cylinder as shown in Fig. 5.4 , then the axial cylinder can also be taken to aid in radiation collection. Hence, the total area of solar collector in a modified cone concentrator can be written as ( ) It has also been assumed in this configuration that the axial cylinder is involved in the collection of radiation, hence the factor β indicate the percentage of its surface area involved in the collection of solar radiation. 01 β ≤ ≤ , where 0 β = has the physical meaning that the external surface area of the axial cylinder is not part of the collection area of solar radiation. www.intechopen.com
Results
The figure show curves obtained for the temperature of water in the ring with the concentrator and the ring without the concentrator as functions of time using the model of Fig.8 . It was also found that the water in the ring with the concentrator rose to more than 55.4 o C after being exposed to the radiation for a period of 1,200 seconds while water in the ring without the concentrator reached a temperature of 33.2 o C for the same exposure time of 1,200 seconds to radiation. The water in the ring with the concentrator thus attained a higher temperature than the water in the ring without the concentrator (open ring). Using models in which the dimensions given hold, theoretical geometric concentration ratios of different configurations of cones and cone-cylinder combinations concentrators with modifications were calculated: For the given dimensions, our results show that for a straight cone as shown in Fig. 3 .1, the geometric concentration ratio is found to be 16 by employing Eq. 
Discussion
The results obtained in this work show that a mathematical procedure can be used to calculate the effective collector and absorber surface areas of cone concentrators. The technique can be extended to a modified cone concentrator and the values obtained for the ratio of the collector to the absorber area of the concentrator give the geometric concentration ratio. Though this method gives the correct values of concentration ratios, just as the inverse sine of the acceptance angle method, both do not present any idea on the size or configurational geometry of the system. It can be seen from this work that configurational geometry of cone and cone cylindercombinations of concentrators give different theoretical geometric concentration ratios for the same dimensions. Additional components are seen to improve the geometric concentration ratio.
the geometric concentration ratio. These parameters include the height H′ of the radiation guide, the base radius R , the slant height S , and the vertical height H of the cone.
The reason for suggesting changing H′ to a smaller value say by an amount δ , is that the area on which radiation will be lost through the guide will change from . Since HH δ − < , a smaller area will be available for radiation loss inside the guide. PVCs were preferred in this work because they are poor conductors of heat.
